Abstract. SIngle MOde Nonlinear Resonant Acoustic Spectroscopy (SIMONRAS) is applied to detect edgecracks in thin slate roofing tiles. The technique focuses on the acoustic nonlinear (i.e. amplitude dependent) response of a particular resonance mode of the material when driven at relatively small wave amplitudes. Undamaged materials are essentially linear in their resonant response. The same material, however, becomes highly nonlinear when cracked. The sensitivity of this method to discern damage due to edgecracking is compared to visual diagnosis of crack density and X-ray images of cracks.
INTRODUCTION
Materials containing structural damage have a far greater nonlinear elastic response than materials with no structural damage. In order to quantify the presence of mesoscopic features and damage, SIngle MOde Nonlinear Resonant Acoustic Spectroscopy (SIMONRAS) has been developed and applied in the field of damage detection for a variety of quasi-brittle materials [1] [2] [3] [4] . In short, the vibration response over a certain frequency range encompassing one of the material's natural frequencies is investigated using a stepped sine procedure for increasing levels of external excitation. Characterization and quantification of the nonlinearity can be obtained by measuring the resonance peak shift, nonlinear attenuation or harmonic generation as function of the peak strain amplitude. Nonlinear parameters are known to be much more sensitive to damage than linear parameters. For instance, when applied to microcrack damage detection in thin strips of slate tiles due to cyclic fatigue loading, a significant increase of the nonlinear parameters was observed early in the loading process in contrast to a small to modest variation of the linear parameters [1] . At the point when a macrocrack appeared at the surface (Figure 1a) , the (non-classical) hysteretic nonlinearity, which quantifies the linear decrease of the resonance frequency with amplitude, increased by approximately a factor of 1000 compared to its initial value for an intact strip. The relative reduction of the linear resonance frequency before and after the fatigue sessions was only about 25%. FIGURE 1.a) X-ray radiography of the damage zone (just before failure) in thin strips of slate due to cyclic 3-point-bending. At this point, the nonlinearity has increased by a factor 1000 relative to its initial value for an intact strip. The linear resonance frequency showed only a decrease of about 25%. b) X-ray radiography of an edgecrack in a thin plate of slate.
SIMONRAS FOR PLATES WITH EDGECRACKS
As a follow-up to the investigation of progressive damage in thin slate strips, we applied SIMONRAS to industrial production plates of slate used in roofing construction (nominal dimensions are 400×600×4 mm). The aim of this investigation was to find an operator independent measure of the severity of edgecracking, which occurs during and after the production process. Edgecracks, such as the one shown in Figure 1b , originate during drying or cutting of the samples, and may have an unfavorable influence on the lifetime of the material.
Because of its different geometry and the location of the cracks, the plate problem was studied by examining the 8 th natural mode of the structure. This mode has six locations of maximum stress near the edges (2 on each long side, 1 on each short side) and is therefore a good candidate to detect edgecracks. A similar set-up as the one described in Reference 1 was used to perform SIMONRAS on a batch of 60 plates. The SIMONRAS measurements were quantified in terms of the nonlinearity parameter α, which can be inferred from the linear frequency shift as function of the acceleration amplitude A, i.e.,
being the linear resonance frequency, and f the resonance frequency at increasing amplitude). These values were then compared to the results of a visual inspection method currently in use. The visual inspection consists of wetting the sample and counting the edgecracks as water imbibes under bending tension. Unfortunately, the correlation between the nonlinear measurements and the crack-counts from the visual inspection turned out to be poor (and so did the correlation between the linear measurements and the visual inspection results). There may be various reasons associated with this discrepancy: We mention two possibilities: 1) The visual inspection technique is very subjective and may easily introduce operator error. 2) The nonlinear acoustic technique is only sensitive to microcracks that can be activated, and possibly the strains used in the SIMONRAS measurements were not high enough to activate the edgecracks themselves.
In order to investigate the discrepancy in more detail, we selected 3 plates for further examination: one reference plate (R) with a small number of cracks (7) and two (hydro-thermally shocked) plates (C 1 and C 2 ) with a large number of cracks (48 and 47).
The top row of Figure 2 shows the location of the cracks on all 3 samples obtained by visual inspection. First, we measured the nonlinearity of the three plates using SIMONRAS on the 8 th bending mode: the reference plate had a small coefficient of nonlinearity (α=5.4 10 -6 ); C 1 and C 2 showed a widely different nonlinear coefficient despite the equal number of cracks (α=14.4 10 -6 and α=25.8 10 -6 respectively). Next, the plates were water-sawed into 19 strips of 25×400×4 mm (13 lengthwise and 6 lateral, see Figure 2 ) and dried for a period of time. Subsequently, the nonlinearity of each strip was determined by means of a SIMONRAS experiment on their 1 st bending mode. The results for the strips, plotted as a function of position in the original plate, are shown on the bottom row of Figure 2 . In order to eliminate the influence of the drying time between different plates, we took the ratio of the nonlinear coefficient of each strip to the average of the five center pieces in the same plate. We notice a dramatic increase in nonlinearity of the edge-strips of the two cracked plates. The nonlinearity in the center of both plates is nearly constant and increases abruptly by a factor of 50 for the outermost lengthwise pieces. The difference between the two cracked plates is primarily found in the top and bottom strips. Plate C 2 FIGURE 2.Analysis of a reference sample and two hydro-thermally shocked plates of slate. Top row: location of edgecracks as marked by "wetting" inspection. Bottom row: local behavior of the nonlinearity after partitioning the plate into thin strips (the values are relative to the average nonlinearity in the center of each plate). shows a far larger increase in nonlinearity than C 1 . Knowing that there are about as many cracks marked on C 2 as on C 1 , this would indicate that the edgecracks of C 2 are of a more severe nature than the cracks in C 1 , or that the visual counting was not accurate. For the reference plate we note that there is a far more continuous distribution of nonlinearity over the plate. The local increase of nonlinearity seems to match the cracked region which is indicated by visual inspection.
When inspecting the outermost lateral strips of the two cracked plates using X-ray radiography, we noticed that the second plate (with highest nonlinearity) showed several hairline cracks running along the edge of the strip (perpendicular to the edgecracks themselves). Figure 3 shows an example of such lateral cracks. These cracks were not noted in visual inspection. This may very well be the reason why the correlation between the crack-count and the nonlinearity turned out to be poor, and suggests that one has to be very careful in interpreting the inspection results in terms of durability because cracks that cannot be seen by the unaided eye can be very important.
